The ability to perceive the direction of whole-body motion during standing may be critical to maintaining balance and preventing a fall. Our first goal was to quantify kinesthetic perception of whole-body motion by estimating directional acuity thresholds of support-surface perturbations during standing. The directional acuity threshold to lateral deviations in backward support-surface motion healthy, young adults was quantified as 9.5 ± 2.4° using the psychometric method (n = 25 subjects). However, inherent limitations in the psychometric method, such as a large number of required trials and the predetermined stimulus set, may preclude wider use of this method in clinical populations. Our second goal was to validate an adaptive algorithm known as parameter estimation by sequential testing (PEST) as an alternative threshold estimation technique to minimize the required trial count without predetermined knowledge of the relevant stimulus space. The directional acuity threshold was estimated at 11.7° ± 3.8° from the PEST method (n = 11 of 25 subjects, psychometric threshold = 10.1 ± 3.1°) using only one-third the number of trials compared to the psychometric method. Furthermore, PEST estimates of the direction acuity threshold were highly correlated with the psychometric estimates across subjects (r = 0.93) suggesting that both methods provide comparable estimates of the perceptual threshold. Computational modeling of both techniques revealed similar variance in the estimated thresholds across simulations of about 1°. Our results suggest that the PEST algorithm can be used to more quickly quantify whole-body directional acuity during standing in individuals with balance impairments.
Introduction
Perceptual awareness of body motion may play an important role in balance control, particularly in sensorimotor-impaired individuals who may rely more heavily on attentional resources to maintain balance. Although balance may be primarily regulated through automatic, brainstem-mediated processes in healthy individuals [1] , balance can be voluntarily controlled, such as when walking in challenging conditions [2] . Older adults and individuals with balance impairments have been shown to rely more heavily on attentional mechanisms during standing, presumably to compensate for deficits in automatic postural control [3] . Therefore conscious perception of whole-body directional motion during standing may be important for individuals with balance impairments. Directional perception may be important for generating the appropriate directionally-dependent motor responses after a loss of balance [1, 4] .
However, perception of directional acuity of body motion during standing has not been previously been measured. Motion detection thresholds during standing have been quantified across different perturbation parameters (direction, displacement, jerk) with respect to the presence or the absence of a stimulus [5, 6] . Subjective perception of natural sway during standing has also been linked to subjective perception of stability [7] . However, these studies do not provide precise information about the perception of the direction of body movement. In seated subjects, directional motion perception has been measured by determining their ability to discriminate differences in heading direction using suprathreshold perturbations [8] . Similar methods have been used to identify discrimination thresholds for single-joint motions and other perceptual tasks as well [9] .
Identifying perceptual thresholds can be time consuming, and therefore not feasible in balance-impaired individuals. Traditionally, the two-alternative forced choice (2AFC) paradigm tests a large number of pairs of stimuli to construct a psychometric curve [10] . Generating a full psychometric curve requires a large number of stimuli as well as prior knowledge about the approximate value of the perceptual threshold. As the perceptual threshold may differ widely across individuals with balance impairments, generating a full psychometric curve may not be practical or feasible given physical limitation of the participants. Adaptive methods systematically search the stimulus space based on the participant's perceptual responses until the threshold is identified. As such, adaptive methods do not require a priori knowledge about the values of the perceptual threshold and are capable of estimating the threshold with fewer trials than the psychometric method.
Here, our goals were 1) to quantify directional acuity during support-surface perturbation to standing in a healthy young population, and 2) to compare the reliability of standard psychometric methods versus an adaptive algorithm. We determined thresholds of directional acuity in backward support-surface perturbations (Torres-Oviedo and Ting 2007) during standing in healthy, young adults. We compared thresholds estimated using the psychometric method to the parameter estimation by sequential testing (PEST) method, used previously for identifying detection thresholds during standing [5] , and whether fewer trials were necessary using PEST. Finally, we validated the reliability of the two methods over repeated tests through computer simulations.
Methods

Participants
All experimental protocols were approved by the Institutional Review Boards of Georgia Institute of Technology and Emory University. Written informed consent was obtained from all participants before they were enrolled in the experiment. A total of twenty-five healthy young adults (mean age 21.8 ± 3.0 years), consisting of 12 females and 13 males, were recruited to participate in the experiment. All participants were required to be 18 years of age and must not have had any history of musculoskeletal disorders, neurologic disorders, or dizziness as assessed by a self-report. In addition, all participants were required to be native English speakers in order to limit the confounding effect of language learning on spatial perception [11] .
Experimental Protocol
During the experiment, participants stood on a translating platform used to present stimuli ( Figure 1A ). Participants were blindfolded and wore headphones that played white noise to eliminate auditory and visual information, thus limiting the subject to proprioceptive, vestibular and somatosensory cues. Stance width was standardized for participants by having the middle of their heels positioned at a distance that matched their inter-anterior superior iliac spine (ASIS) distance. The participant's stance width was marked in order to maintain consistency throughout the experiment. The first platform translations, or perturbation, was always straight back (Θ = 270°) while the second perturbation ranged from 245-295° (ΔΘ = ± 25° from the first perturbation) where 0° represents rightward perturbation and 180° represents leftward perturbation. The actual platform movement was analyzed relative to the desired platform movement ( Figure 1B ) to quantify the accuracy of the platform motion. The error between the actual ΔΘ and desired ΔΘ increased with the amplitude of the desired Δ (ΔΘ = 15°, mean error = 0.71°), but the precision of the platform (interquartile range = [0.04, 0.25] °) was sufficient to present functionally distinct stimulus perturbations at a resolution of 0.5°.
Each trial in the experiment consisted of two perturbations in which the participant was asked to determine whether or not the two perturbations were in the same or different direction. Each perturbation had a displacement of 7.5 cm, a velocity of 15 cm/s, and a peak acceleration of 0.1 m/s 2 . The direction, or lateral deviation, of the second perturbation (ΔΘ) for each trial was set by the psychophysical method used to determine the sensory threshold: the psychometric method or the parameter estimation by sequential testing (PEST) method [10] . The subject was not informed that the first perturbation was always in the backward direction (Θ = 270°), nor when the first perturbation would occur (the time between the two perturbations was fixed at 0.5 seconds). After the second perturbation, the subject responded 'same' or 'different', by pressing a button on a response box that was held throughout each trial, to indicate whether the two perturbations were in the same or different direction. A trial was excluded if the subject took a step or did not respond in the given amount of time (3 seconds). Excluded trials were repeated at a later time. Due to limitation in the total travel of the perturbation platform, after each subject response, the platform was translated in the forward direction to prepare for the next trial (time between trials was randomized). This return movement was always in the 90° direction (straight forward) without any lateral deviation to prevent the subject from receiving feedback about the lateral movement of the two previous perturbations. Thus the initial absolute position of the platform varied in the lateral direction by a small amount. However subjects were blindfolded and thus did not receive any external cues about absolute position in the room.
Each experiment consisted of either the psychometric method alone (n = 14 subjects) or 2+ PEST runs and one full psychometric run in the following order: first PEST run, half of the psychometric stimulus set, second PEST run, and last half of the psychometric stimulus set (n = 11 subjects). If time permitted, a third PEST run was completed (n = 8 of 11 subjects). Subjects were required to rest after each section of the experiment or by request. The psychophysical methods were interleaved to prevent long-term adaptation effects, such as fatigue, which could bias the data. The estimated threshold from the first PEST run provided a relevant stimulus range for each subject such that the ΔΘ stimulus set chosen for the psychometric curve would include the threshold.
Psychometric Method
For the psychometric method [12] , a pre-determined set of stimulus conditions, ΔΘ, were randomly presented to the subject to determine a directional acuity threshold. The stimuli consisted of 0° and five different ΔΘ values ranging +/− 25° from the cardinal direction (ex. ±15°, ±12°, ±9°, ±6°, ±3° and 0°) with each presented 9 times [9] . The negative values represent angles that were to the left of the cardinal direction, while the positive values represent angles to the right. The stimulus set used in the psychometric method was chosen to include the estimated threshold from the first PEST run. The session ended when ninetynine successful trials were recorded. Psychometric curves were fit to the measured response probabilities [13] . The threshold was estimated at the 75 th percentile because chance response probability is 50% in a 2AFC task [14] 
Parameter estimation by sequential testing method
As opposed to the psychometric method, which uses preselected ΔΘ values, the PEST method employs a standard 2D1U (2-down-1-up) adaptive algorithm that chooses ΔΘ values for each trial based on the subject's responses to the previous trials. The ΔΘ changes on each trial in an increment that is equal to the current step size. The current step size changes based on the subject's previous responses [15] and the session ends when the iterative step size falls to 0.5° or lower. An initial ΔΘ of +3° or −3°, an initial step size of 4°, and a stopping step size criterion of 0.5° were used for each PEST run [5] . The 2D1U PEST method was chosen to target a 75% threshold [5] . Multiple PEST thresholds were estimated for each subject to validate the accuracy of PEST for measuring directional acuity thresholds as well as the stability of the threshold estimate over an experimental period (n = 3 subjects with 2 PEST runs; n = 8 subjects with 3 PEST runs). The recovered thresholds quantified in Figure 3 were estimated from the first PEST run.
Data Analysis
For the psychometric method, the response data was analyzed using the Wichmann toolbox MATLAB code to determine the 75% probability threshold and the 95% confidence interval [13] . The threshold for the PEST method was estimated as the ΔΘ that was tested when the step size reached 0.5° [5] . A paired t-test was used to compare the left and right thresholds estimated from both the psychometric and PEST methods. The correlation between the psychometric thresholds and PEST thresholds was used to determine the similarity in the threshold estimation techniques. The multiple PEST runs were compared using a one-way repeated measures ANOVA to determine whether the estimated threshold or the number of trials varied across PEST runs.
Computational Modeling
A computational model was developed to simulate the responses of a subject to the psychometric and PEST protocols based on their measured psychometric curve. The simulation assumes that an experimentally measured psychometric curve represents the true directional acuity for the simulated subject; it does not account for nonstationary response properties such as fatigue. The simulated subject's response to each trial was probabilistic such that the probability of response was determined by the measured psychometric curve. The experimental paradigm was mimicked in simulation to estimate of the variability of both psychometric ( Figure 4A ) and PEST ( Figure 4B ) methods. At a given stimulus intensity, a random number was generated (uniform distribution (0,1)) and the binary response of 'same' or 'different' was based on the probability of correct response from the psychometric curve; random numbers lower than the probability of correct response were labeled as 'different'. The directional acuity threshold of the simulated subject was estimated 1000 times to generate 1000 estimated thresholds of a single simulated subject for both the psychometric and the PEST methods.
Results
Psychometric Thresholds
The direction discrimination threshold was 9.5° ± 2.4° in 25 subjects using the psychometric method. An example of a one-sided directional acuity threshold, measured using the psychometric method for a sample subject is shown in Figure 2A (ΔΘ thres = 8.0°, left threshold). Across subjects (n = 25), there was no statistically significant difference between the left and right directional acuity thresholds (p = 0.52) ( Figure 2B) . Therefore, the overall directional acuity threshold was defined to be the average of the left and right thresholds. The threshold for this population was 9.5° ± 2.4°, while the range was from 6.2° to 14.4° (n = 25 subjects, Figure 2C ).
PEST Thresholds Compared to Psychometric Thresholds
The direction discrimination threshold was 11.7° ± 3.8° in 11 subjects using the PEST method using about a third of the trial compared to the psychometric method. An example one-sided PEST run from the same subject as in Figure 2A terminated after only 11 trials and estimated a threshold of 8.5° which is within the 95% confidence interval of the psychometric threshold estimate ( Figure 3A ; shaded bar represents confidence interval from the psychometric curve). Across subjects, there was no significant difference between the left and right PEST thresholds (p = 0.37, n = 11 subjects) ( Figure 3B ). Therefore, as with the psychometric method, the left and right PEST thresholds were averaged together to measure an overall PEST threshold of 11.7° ± 3.8° ( Figure 3C ). An average of 33.8 ± 8.4 trials were required to measure the overall PEST thresholds for PEST run 1 ( Figure 3D ).
The PEST estimated thresholds were highly correlated with the psychometric thresholds across subjects (r = 0.93, Figure 3E ), and 90.9% of the PEST run 1 thresholds fell within ± 3° of their corresponding psychometric threshold ( Figure 3E inset) . However, the PEST estimated thresholds were significantly different from the psychometric thresholds because PEST systematically estimated a larger threshold than the psychometric method (p = 0.005, paired t-test). Comparison of multiple PEST runs within the same subject found that the PEST threshold estimate and the number of perturbations required to reach threshold was not significantly different between each of the three PEST runs (n = 8 subjects) ( Figure 3F ).
Computational Model of PEST and Psychometric Methods
Using a simulated subject with a known threshold of 8.9°, model thresholds were identified as 8.9 ± 0.9° using the psychometric method and 10.1 ± 1.0° using the PEST method ( Figure  4C ). Importantly, the variability in the psychometric and PEST threshold estimates are comparable (standard deviation = 0.9, 1.0° respectively). Although the comparison between the psychometric threshold and the PEST threshold on any given trial is variable, 92% of the estimated PEST thresholds fell within ± 3° of their corresponding psychometric threshold ( Figure 4D ). The simulated PEST method converged to a threshold within 38.3 ± 10.0 trials ( Figure 4E ). Both the variability of PEST relative to psychometric and the required trial count for PEST are comparable to the experimental conditions ( Figure 3D-E) .
Discussion
Here we present the first known quantification of directional acuity thresholds during perturbations to standing in a healthy young adult population. Standing balance requires multisensory integration of vestibular, proprioceptive, cutaneous, and visual cues [1] ; visual and auditory cues were eliminated in our protocol. The directional acuity threshold of 9.5° ± 2.4° for full body perturbations was higher than those of individual joints, such as hip flexions (2.3° threshold) and knee movements (3.8° threshold), and higher than discrimination thresholds for seated subjects of heading direction isolating vestibular afferents, although contributions of cutaneous afferents cannot be avoided (6.0° threshold) [16] [17] [18] . Typically, when more than one sensory modality is available, such as visual and proprioceptive input, subjects tend to achieve thresholds that are equivalent to the modality with the greatest acuity [6] . Moreover, according to optimal estimation theory, multiple inputs can be combined to provide estimated that are better than a single sensory modality [19] . However, larger thresholds to whole body perturbations could be due to the fact that multiple joint motions must be estimated. Additionally, perceptual thresholds due to cutaneous stimulation of the foot sole are elevated in standing compared to sitting [20] , and spinal responses to muscle spindle input is also reduced in standing compared to sitting [21] . Additionally, tactile thresholds are increased in the presence of muscle activity [22, 23] ; proprioceptive afferents, i.e. muscle spindles and Golgi tendon organs may be similarly affected by muscle activity when the sensory stimulus is delivered [24, 25] . Postural sway could also induce sensory input, affecting estimated perceptual thresholds [6, 7] . Moreover, we do not know how direction acuity might vary as a function of perturbation characteristics; larger perturbations causing near-falls could be harder to discriminate, whereas smaller perturbations could be less salient. Further work on the biomechanical and sensory information underlying directional perception is warranted.
Both experimental and computational comparisons of PEST to the psychometric method suggest that the PEST algorithm may be an efficient method to estimate directional acuity in a short amount of time. Experimentally-derived perceptual thresholds were highly correlated (r 2 =0.87) although PEST estimates were consistently larger than those found through the psychometric method. Computational results showed that PEST tended to overestimate ground-truth thresholds by about 1° using our protocol. This may be because the psychometric method estimates the threshold based on a curve fit to responses at all stimulus magnitudes, whereas the PEST algorithm approximates the threshold through sequential testing of stimuli near the threshold. The reliability of the PEST estimates over repeated simulations was comparable to those found using the psychometric method, with standard deviations of about 1°. However, PEST was able to identify thresholds in about one-third to one-half the number of trials that we used for the psychometric method. While other adaptive methods have been used to more accurately quantify sensory thresholds through dense sampling of the stimulus space near the threshold, they do not significantly lower the number of trials [26, 27] . A limitation of the PEST method is that it cannot provide information about the shape of the psychometric curve.
Directional acuity testing during standing may provide important information about the relative contributions of sensory versus motor deficits to fall risk in balance-impaired populations. Perceptual deficits in awareness of body motion rather than motor coordination could cause incorrect motor responses in a wide range of clinical populations with sensorimotor impairments such as people with Parkinson's disease (PD), stroke, diabetes, multiple sclerosis, and in typically aging adults who may be at risk for falls. As the PEST method does not require prior knowledge about the amplitude of the sensory threshold and can be performed relatively quickly, it may be useful for exploring deficits in body motion perception. Although, we found no difference between left and right directional acuity thresholds, these would be expected to differ in lateralized diseases such as PD and stroke. As both sensory and motor deficits are increasingly being recognized in a variety of sensorimotor disorders, testing whole-body direction acuity may be important to understanding and treating balance disorders. A) An example psychometric curve from one subject with a directional acuity threshold of 8.0°. B) Using the psychometric method, a threshold was reached for perturbations to the left and right of center (n = 99 trials). Left and right thresholds were not significantly different (n = 25 subjects, p = 0.52, paired t-test). C) The left and right thresholds were averaged together to quantify an overall psychometric threshold of 9.5° ± 2.4° (n = 25 subjects). A) An example PEST run from one subject with an estimated threshold of 8.5°. B) The right and left PEST thresholds measured in the first PEST run were not significantly different (n = 11 subjects, p = 0.37, paired t-test). C) The right and left PEST thresholds were averaged together to measure an overall PEST threshold of 11.7° ± 3.8° (n = 11 subjects). D) The average number of trials needed to reach a left and right PEST threshold for the first PEST iteration was 33.8 ± 8.4 trials (n = 11 subjects). E) The first PEST threshold is highly correlated with the psychometric threshold for each subject (r = 0.93). Error bars represent three standard deviations of the psychometric threshold estimate. Inset depicts the PEST threshold estimate relative to the psychometric threshold as quantified by the number of degrees the PEST estimate is away from the psychometric threshold. F) Multiple PEST runs were measured for a single subject (n = 8 subjects). The PEST threshold estimate and the number of trials required to reach a threshold were not significantly different across PEST iterations (n.s. = p>0.05, one-way repeated measures ANOVA). A) The psychometric model simulated a subject response using a measured psychometric curve from one subject (threshold = 8.9°). All parameters of the psychometric simulation matched the experimental parameters (Δθ = ±15°, n = 9 samples per stimulus condition). The simulation was run 1000 times (n = 1000 estimated simulated psychometric thresholds) B) The PEST model was built from the same assumed psychometric curve used in (A). Experimental PEST parameters (Δθ initial = 1°, step size = 4°) were simulated 1000 times (n = 1000 estimated simulated PEST thresholds). C) Across 1000 samples from a single simulated subject, the simulated PEST threshold was 10.1 ± 1.0° and the simulated psychometric threshold was 8.9 ±0.9 °. D. The simulated PEST thresholds were compared to the simulated psychometric thresholds to assess the variability of the measures on a trial-totrial basis. The simulated PEST thresholds fell within a range of -3° to 6° of the psychometric threshold on any given simulation from the same simulated subject. E. The average number of trials required to reach a PEST threshold was 38.3 ± 10.0 trials.
